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solvent and hence the reduction in the overall quenching processes which 
depopulate the excited state. 
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Academic Press, New York, 1965. 
(13) The overlap integrals calculated in the present work agree well with that 

given in ref 11. 
(14) P. W. Schiller in "Biochemical Fluorescence: Concepts", Vol. 1, R. F. Chen 
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Table I. Regiochemistry of DCl Addition to trans- 1,3-Pentadiene" 

solvent 

none 

pentene 

CH3CO2D^ 

CH 3 NO 2 

temp, 
0 C 

- 7 8 ^ 
0 

25 

- 7 8 
0 

25 

2Sd 

0 
25 

% trans 
products'" 

97.6 

97.7 
96.3 

96.8 

% 1,2 
product 

(3)'' 

75.5 
72.4 
61.5 

77.7 
68.1 
63.8 

65.0 

71.5 
67.7 

% 1,4 
product 

(4)'' 

24.5 
27.6 
38.5 

22.3 
31.9 
36.2 

35.0 

28.5 
32.3 

" Reactant (ChemSampCo) was 99% trans, 1% cis. * By gas 
chromatographic analysis after reduction of the products to 2-pen-
tenes; remainder was cis. ' As percentages of the rra«.s-chloropen-
tenes, 3 + 4. d Recovered excess diene was found by 2H NMR to have 
incorporated no deuterium (<2%). e Containing 2% (weight) of acetic 
anhydride. 

Scheme I 

Regiochemistry of the Addition of 
DCI to trans- 1,3-Pentadiene 

Sir: 

We report here the first clear evidence on the regiochemistry 
of addition of a Br^nsted acid to a 1,3-diene proceeding 
through a symmetrically substituted intermediate allylic 
carbenium ion. The data show a characteristic preference for 
1,2 over 1,4 addition and thus reveal the operation of associa
tion effects in the mechanism. The results provide a needed 
basis for the interpretation of related observations involving 
unsymmetrical ions. They have significance as well to the 
question of carbocation structure in the addition of acids to 
norbornene. 

Competitive 1,2 and 1,4 additions of electrophilic agents to 
conjugated dienes have received considerable attention.' The 
fundamental case of reaction of a Br^nsted acid with a diene 
whose protonation should afford a symmetric allylic cation, 
however, has been addressed previously only once. Hammond 
and Warkentin2 in 1961 examined the course of polar addition 
of DBr to 1,3-cyclohexadiene in pentane. Their results, how
ever, admitted the possibility of dominant interconversions of 
first-formed products. 

trans- 1,3-Pentadiene (1) is the prototype of addition sub
strates parent to allylic ions free per se from electronic and 
steric bias, as shown in Scheme I. Diene 1 adds DCl in no sol
vent, pentane, acetic a.cid-0-d, or nitromethane over a range 
of temperatures to produce mixtures of trans-4-ch\oro-2-
pentene-5-d (3) and -1-d (4); <4% cis isomers are formed. The 
reactions were carried out using ~0.75 equiv of DCl (from D2O 
and benzoyl3 or acetyl chloride) and were monitored by 1H 
NMR. When addition was determined to be almost complete 

residual DCl was removed in a stream of dry nitrogen to sta
bilize the products. The final solutions were colorless, or nearly 
so, and their NMR spectra indicated yields of 3 + 4 of 90% or 
better. 

Label analysis of the products was conducted initially by 
complementary 15.4-MHz proton-decoupled 2H NMR 
measurements.4 Following solvent removal at subambient 
temperature (pentane by distillation at 60 mmHg, acetic acid 
by neutralization in cold NaHCO 3 solution, pentane extrac
tion, and distillation), the spectrum of the chloropentenes was 
recorded and the partially overlapping deuterium signals were 
integrated with the aid of a curve resolver.5 The upfield ab
sorption was assigned to the 5-d isomer, 3, from the compar
ative methyl-group chemical shifts in the 1H spectra6 (CCU, 
60 MHz) of /ra«5-4-chloro-2-pentene (5) and its dechlorina
tion product, trans-2-pentene (6). Corroborative data were 

J , Hz: 

1.62 Cm) 0.94 ( t ) 

7.4 

obtained by prompt reduction of the 3 + 4 mixture with lithium 
triethylborohydride7 to trans-2-pentene-5-d (7) and -1-d (8), 
respectively, and integration of these isomers' fully separated 
2H NMR signals. Upon the observation of close agreement 
(±3%) between the analyses of 3 + 4 and 7 + 8 for three re
actions, subsequent measurements were made on the olefins, 
7 + 8, alone.8 

- * • 

THF 

-78 t o 0° C 
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Scheme II 

The results of the additions to 1 are presented in Table I. In 
two reactions, as noted, recovered excess diene was found to 
have incorporated no deuterium, showing carbenium-ion 
formation to be irreversible. While the products have been 
shown to be stable through the analytical procedure, minor 
incursions of allylic isomerization concurrent with addition 
cannot be excluded at this point. The significance of the results, 
however, is clear. 

1,2 is seen to predominate over 1,4 addition in all cases, by 
factors of from 1.6 to 3.5. These reactions thus proceed by a 
mechanism more complex than that of Scheme I, where a free 
dimethylallyl cation has equivalent electrophilic centers. 

Ion-paired intermediates are indicated.9 The simplest ra
tionalization of the present findings is that deuteronation of 
the diene at C-I occurs from a molecule of undissociated DCl 
(possibly precomplexed) to give initially a carbenium chloride 
ion pair, 9, with the anion (doubtless complexed with another 
molecule of DCl in nonpolar media lc) associated at C-2, as 
shown in Scheme II. Interconversion with the isomeric ion pair 
having the chloride opposite C-4,10, at a rate not greatly faster 
than that of covalent collapse would produce 3 in excess of 4. 
Partial molecular addition, as suggested for several Brylnsted 
acid additions to olefins,10'1' could also contribute. A transition 
state with pronounced carbenium-ion character would be 
necessary, however, to explain exclusive addition to the less 
substituted double bond. Studies with cis-1,3-pentadiene and 
1,3-cyclohexadiene are in progress to provide further infor
mation. 

The present results furnish a new perspective toward earlier 
findings on the addition of acids to norbornene (11). Stille11 

and Brown12 and co-workers have found through isotopic la
beling that a variety of acids react with norbornene to produce 
unequal quantities of degenerate Wagner-Meerwein isomers. 
DCl in CH2Cl2 at - 7 8 0 C, for example, l2b gives 59 ± 2% 12 
and 37 ± 5% 13 (along with products arising from 6,2-hydride 
shift). Both authors have taken their data to disqualify a single 

-78° C 

symmetrically delocalized carbonium ion, 14, in these reac
tions, in favor of a pair of interconverting classical ions, 15, 
trapped prior to equilibration. We consider this conclusion 
compromised by the present observation that pentadiene 1 

characteristically favors 1,2 addition by way of a cation which 
by itself is plainly symmetrically delocalized. Deuteronation 
(protonation) of norbornene to produce a bridged ion unsym-
metrically associated with its gegenion, 16, is as reasonable a 
pathway for these additions as the corresponding mechanism 
for 1 through 9. 
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13C NMR Assignment of the 
Side-Chain Methyls of C21 Steroids 

Sir: 

The 13C N M R spectrum1 of cholesterol (la) has been ana
lyzed in detail and all signals were assigned unambiguously 
with the exception of C-26 and C-27. The recent work of 
Popjak2 who studied samples of 13C-enriched cholesterol ob
tained biosynthetically from labeled mevalonate completed 
the interpretation of the spectrum. Their assignments of the 
terminal methyls are based on the knowledge of the hydroge-
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